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Abstract 
The effect of methane on the conversion of HFC-134a (CF3CH2F) in a dielectric barrier 
discharge non-equilibrium plasma reactor was examined. Reactions were conducted in 
an argon bath gas and in the absence of oxygen and nitrogen. The products of the 
reaction include H2, HF, CHF3, CH2F2, C2H6, C3H8, C2H3F, CHF2CHF2, C2H4F2, C3H7F 
as well as a polymeric solid deposit. The polymeric materials are predominantly 
fluorine containing random copolymers, which can be categorised as fluoropolymers, 
constituted from various functional groups including CF3, CF2, CHF, CHF2, CH2F, CH2 
and CH3. While the presence of methane in the feed stream reduces the conversion level 
of CF3CH2F, it also modifies the polymer architecture. The addition of 1.25 % methane 
with 12.5 % CF3CH2F in an argon bath gas at 100 cm3 min-1 feed rate reduces the 
conversion of CF3CH2F from 74.5 % to 46.8 % and increases the formation of HF from 
1500 µmol h-1 to 2640 µmol h-1. The effect of methane addition on the electrical 
discharge and the reaction pathways are discussed. 
 
Highlights: 
• Treatment of HFC-134a with methane in a non-equilibrium plasma is 
investigated. 
• The reaction mechanism includes experimental data and quantum chemical 
analyses. 
• The targeted products from the treatment of HFC-134a are fluoropolymers. 
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• NMR and FTIR spectroscopic analyses reveal that the polymers are random 
copolymers. 
 
Keywords: HFC-134a, greenhouse gas, non-equilibrium plasma, dielectric barrier 
discharge, polymer from HFC-134a, polymer characterisation 
 
1. Introduction 
 
The implementation of the Montreal Protocol enforced the phase out of 
chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs), which were 
widely adopted in the refrigeration and air-conditioning industries, but had a deleterious 
effect on the earth’s ozone layer [1]. HFC-134a is one of a number of compounds, 
specifically targeted to replace CFCs and HCFCs, as hydrofluorocarbons (HFCs) do not 
cause harm to the ozone layer. 
 
However, most HFCs have very high global warming potentials (GWPs). For example, 
the GWP of HFC-134a is 1410 with respect to CO2 on a 100 year time horizon [2]. 
Synthetic greenhouse gases, including HFC-134a, are now controlled through an 
international agreement, the Kyoto Protocol [3] because of their pernicious effect on the 
earth’s radiative forcing. Additionally, the European Union has recently adopted the 
Mobile Air Conditioning (MAC) Directive (for motor vehicles) and fluorinated 
greenhouse gases (F-gases) regulation (for all other applications, e.g., electrical 
equipment, insulation foams, aerosol sprays, fire extinguishers etc.) which restricts the 
level of use of HFC-134a [4]. In contrast to HFC-134a, R1234yf (CH2=CFCF3), a 
recently developed and now commercially available alternative refrigerant, has a GWP 
value of 4 with respect to CO2 on a 100 year time horizon and is expected to fulfil the 
requirement of the MAC directive (refrigerants must have GWP below 150 for newly 
manufactured vehicles) and with the requirement of minor engineering modifications in 
the vehicles, is most likely going to rapidly replace HFC-134a  [5, 6]. Recently, the 
Australian government has also indicated commitment to reduce the use of HFCs [7]. 
As a consequence of the implementation of EU’s and other governments’ legislative 
acts along with Kyoto Protocol, HFC-134a is being removed from service and replaced. 
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It is anticipated that stockpiles of this compound will eventuate and this scenario has 
initiated research into the development of methods for its disposal [8]. 
 
A wide range of technologies has been developed for the treatment of HFC-134a [8-10]. 
Jasiński et al., employed microwave plasma for HFC-134a destruction and achieved a 
maximum conversion level of 84 % producing C2, H2 and F2 [8]. Fluorocarbon 
destruction technologies aim to convert fluorine containing ozone depleting and 
greenhouse gases (briefly, fluorocarbons) with the highest conversion efficiency while 
non-destruction technologies focus on producing value-added materials from the 
conversion of fluorocarbons. Ohno et al. applied a DC arc plasma in which air and 
water were added to ensure complete destruction of HFC-134a [9]. The main products 
from Ohno’s investigation are HF and CO2. Watanabe et al. used a DC arc plasma with 
added water for HFC-134a destruction, while deliberately excluding air or oxygen [10]. 
They reported the conversion level of HFC-134a was 99.9% and observed the formation 
of CO, CO2 and HF.  
 
There is also an established and commercially employed technology, branded as 
PLASCONTM [11-13], jointly developed by the Commonwealth Scientific and 
Industrial Research Organisation (CSIRO), Australia and SRL Plasma Ltd., Australia, 
which is capable of destroying fluorocarbons including HFC-134a. PLASCONTM 
generates an argon plasma jet employing a DC plasma torch where the temperature 
elevates over 27,000 K. The introduced fluorocarbon is then converted to CO2 and 
halogen gases and/or hydrogen halide gases depending on the addition of oxidising 
agent (oxygen and/or steam). The formation of highly corrosive halogens and/or 
halogen acid gases from plasma processes pose serious handling problem at high 
temperatures in thermal plasma based technologies. In addition, some of these plasma 
processes produces undesirable species including HCN and COF2. Apart from these 
plasma-based technologies, conventional thermal reactors such as municipal solid waste 
incinerators or cement kilns are capable of HFC-134a destruction although the main 
applications of these reactors were the destruction of other fluorocarbons such as CFC-
11 [14-16], CFC-12 [14, 15, 17] and HFC-23 [18]. In these reactors, air or oxygen is 
introduced with fluorocarbon. The targeted fluorocarbon is converted  at high 
temperature producing mainly highly corrosive hydrogen halide gases and carbon 
dioxide and thus may be described as thermal oxidation processes. In this process, the 
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product gases are quenched rapidly which suppresses the formation of dioxins (i.e., 
polychlorinated dibenzo-pdioxins and polychlorinated dibenzofurans, PCDD/F); 
however, a small quantity of dioxins are formed and pose serious environmental 
concerns. Additionally, the choice of reactor material becomes also important because 
of handling the highly corrosive acids at high temperature. 
 
While there has been research undertaken in the destruction of HFC-134a, the aim of 
the present work was to focus on the development of a non-destructive technology with 
the overarching aim of synthesising value-added materials from the conversion of this 
chemical. In the present work, we have investigated the conversion of HFC-134a in 
presence of methane in a dielectric barrier discharge (DBD) reactor. 
 
DBD reactors have been used on the commercial scale for generating ozone for more 
than a century [19]. Their application has broadened to include a wide range of 
applications including pollution control, as a method to induce surface modifications in 
polymers and they have even been used in flat plasma screen displays [20]. These 
reactors can produce a non-equilibrium plasma while operating at atmospheric pressure. 
The DBD reactor, employed for this study, was constructed out of tubular alumina. This 
is because the conversion of HFC-134a with methane forms hydrofluoric acid (HF) gas, 
which reacts aggressively and destructively with quartz or pyrex. Alumina is an HF-
resistant material that has been widely used in thermal reactors for the study of the 
thermal decomposition and reaction of CFCs and halons [21-23] and is also a suitable 
dielectric for construction of a DBD reactor. The DBD reactor can be of various 
geometries, including planar or cylindrical; in the present study a cylindrical 
configuration was chosen for construction of the reactor. This geometry ensures that a 
uniform plasma is developed thus providing a high probability of activation of reactant 
molecules in the plasma region at a given input energy density. 
 
Additives such as air, nitrogen and often steam were employed in order to facilitate the 
conversion of various fluorocarbons. The disadvantage of employing air, nitrogen or 
steam as additives is the production of a number of undesirable products including NOx, 
COF2 and HCN. With the aim of developing a fluorocarbon treatment process that can 
avoid the production of these undesirable species, previously we reported the 
conversion of HFC-134a in a non-oxidative environment where oxygen and nitrogen 
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was removed from the reaction environment [24]. In that non-oxidative environment, 
HFC-134a was converted to non-crosslinked fluoropolymers in a dielectric barrier 
discharge (DBD) non-equilibrium plasma reactor. The synthesis of polymers from the 
conversion of fluorocarbons is beneficial over complete destruction to halogens and/or 
halogen acid gases as complete destruction requires more energy to cleave all bonds of a 
fluorocarbon. As the motivation of the present investigation is to convert HFC-134a to 
value added materials, synthesising polymers is one possible route in converting this 
greenhouse gas to value-added materials.  
  
The reaction chemistry in a plasma reactor is generally much more complex than 
conventional non-plasma thermal reactors. While the inclusion of an additive in a 
reaction system increases the number of reactive species per unit time in the plasma 
zone and a net decrease in the conversion of both reactants is expected, we have 
previously observed that the conversion of methane increases in presence of CCl2F2 in a 
dielectric barrier discharge reactor. In our understanding, the dissociation products of 
CCl2F2 initiated various reactions which in turn facilitated the conversion of methane in 
the applied non-equilibrium plasma. The scope of the present work is to investigate the 
influence of methane in the conversion of HFC-134a in a non-oxidative environment 
and understand the structural modification of the polymers synthesised from the 
conversion of HFC-134a due to the presence of methane additive. The reaction of HFC-
134a with methane was investigated in an argon bath gas and the product spectrum thus 
produced ranged from low molecular weight gas phase species to solid polymeric 
products. The novelty of the present study is to synthesise structurally modified 
polymers from the conversion of HFC-134a by adding methane to the reaction 
environment. This article includes a discussion on the conversion of HFC-134a in 
presence of methane under varying conditions such as input energy density and 
concentration of reactants, the effect of this additive on the gas-phase products, the 
characterisation of electrical discharge, structural analyses of the polymers and a 
detailed reaction mechanism. 
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2. Experimental section 
 
The experimental facility (Fig. 1) was discussed in detail in our earlier publications [25, 
26]. Briefly, a dielectric barrier discharge reactor, constructed from two concentric 
dielectric barriers (alumina tubes of 99.8% purity) was employed for this study. The 
dielectric tubes have dimensions of 23 mm OD (2 mm wall thickness) and 10 mm OD 
(1 mm wall thickness). A helical copper wire (30 mm in length) inside the inner 
dielectric was employed as high voltage electrode, while a copper foil (24 mm in 
length), wrapped about the outer tube, was used as the ground electrode. The entire 
reactor assembly was operated in a dedicated fume cupboard. 
 
The power supply employed in the experiments delivered a sinusoidal AC output 
voltage of up to 20 kV (rms) at a constant frequency of 21.5 kHz. The power input to 
the reactor was determined from the enclosed area of a voltage-charge Lissajous figure. 
The detailed procedure for calculating power input to the reactor can be found 
elsewhere [27]. The calculated input power to the reactor was used to estimate the input 
energy density, P/F (where P is the average power dissipated by the reactor and F is the 
total volumetric feed rate). A J-type thermocouple was used to measure the temperature 
of the outer electrode (and is considered to be a proxy for the wall temperature of the 
outer dielectric) surrounding the plasma zone. An aliquot of zinc-oxide-based thermal-
transfer compound and a mica sheet serve to electrically isolate the thermocouple while 
maintaining thermal contact with the outer electrode. 
 
A gas chromatograph/mass spectrometer (GC/MS, Shimadzu; GC system: GC-17A, 
equipped with an AT-Q column; MS system: QP5000) was employed to identify gas 
phase products. An online micro-GC (Varian CP-4900), equipped with 10 metre 
molecular sieve 5A and PoraPLOT Q columns, was used to quantify carbon-containing 
species in both feed and product flows. A dedicated gas-chromatograph (Shimadzu GC-
17A), equipped with a molecular sieve 13X column and a thermal conductivity detector, 
using argon as carrier gas was employed to quantify hydrogen in the product stream. 
The acid gas, HF, was quantified by Fourier transform infrared (FTIR) spectrometer 
(Perkin Elmer Spectrum 100). The FTIR was equipped with a short path length (11.7 
mm) acid-resistant Teflon gas cell fitted with KBr windows. A detailed description of 
the procedure adopted for quantitation of HF(g) can be found elsewhere [25]. 
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Fig. 1: Schematic diagram of the cylindrical double dielectric barrier discharge plasma experimental facility [25, 26]. 
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In order to produce a sufficient quantity of solid polymeric material for analysis, all 
experiments were conducted for a period of 90 min.  Following this uninterrupted 
operational period, the high voltage to the DBD was terminated and the reactor was 
purged with argon and repeatedly rinsed with tetrahydrofuran (THF) solvent (99.9 %, 
Merck). The solution contained a polymeric mixture of dissolved and undissolved 
fractions. The undissolved portion, identified as a crosslinked polymeric product, was 
separated, dried and analysed by an ATR (attenuated total reflectance) FTIR (Perkin 
Elmer Spectrum two). The THF-soluble polymeric portion was analysed by gel-
permeation chromatography (GPC) and nuclear magnetic resonance (NMR) 
spectrometers (either a Brüker Avance 400 MHz spectrometer or a Brüker Avance 600 
MHz spectrometer, depending on availability). A GPC (Waters, GPCV 2000) was 
employed to estimate molecular weights of polymers and the machine was equipped 
with a refractive index (RI) detector and three Styragel columns (HR5E, HR3 and 
HR0.6) operating at 40 °C. Polystyrene standards (Polymer Standards Service) with a 
molecular weight range of 470 to 2,300,000 g mol-1 (Mn) were used for its calibration 
and therefore the reported values of polymer molecular weights in this article are based 
on polystyrene standards. 
 
In order to undertake the NMR analyses, the THF-soluble polymeric fraction was 
collected from four repeat experiments and the material was dried at room temperature 
in a fume cupboard. A concentrated polymeric mixture was prepared by dissolving the 
polymeric material in THF solvent. The concentrated polymeric solution was then 
transferred dropwise into a beaker of methanol (99.9 %, Scharlau). Approximately one 
third of the methanol solution was then removed from the top of the beaker and the 
reminder was initially dried in the fume cupboard. The obtained solid was then dried in 
a vacuum oven (operating at 40 °C). This procedure enhanced the concentration of high 
molecular weight fraction in the dried polymeric mixture. A detailed discussion of this 
procedure can be found elsewhere [28]. The dried polymeric samples were dissolved in 
deuterated chloroform (99.96 atom % D, 0.03% v/v TMS, Aldrich) solvent and used for 
NMR analyses. Brüker Topspin 3.1 was used for processing NMR spectra. The high 
molecular weight polymeric fraction enrichment procedure assists in obtaining NMR 
spectra that clearly highlight the features attributable to both high (broad peaks) and low 
(sharp peaks) molecular weight fractions. 
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In this study, argon (99.999 %, Coregas), HFC-134a (99.95 %, Coregas) and methane 
(99.95 %, Linde) were used. The aggregate feed rate of all experiments was 100 cm3 
min-1. The residence time (L/(F/A), where L is the length of the electrode, F is the total 
volumetric feed rate and A is the annular cross sectional area bounded by the dielectrics) 
for all experiments was 2.95 s.  
The input energy density range investigated was between 2–12 kJ L-1, for which the 
applied voltage range was 13.8–16.2 kV (peak-peak). The lower value is the minimum 
voltage required for maintenance of a stable plasma volume. The upper bound is a 
practical limitation of the air cooled system used in all experiments. As the dielectric 
temperature increases, so does its dielectric conductivity. Leakage currents in the 
dielectric at elevated temperatures inhibit the build-up of local surface charges on the 
dielectric, which is essential for self-quenching of localised discharge events. Delayed 
or inhibited discharge quenching in turn results in increased discharge duration (when 
considered on a microsecond time-scale) with attendant thermalisation and increased 
dielectric heating in potentially a runaway cascade. 
 
All experiments were replicated, and the range of the experimental data thus obtained is 
depicted by error bars. 
 
3. Result and discussion 
3.1. Effect of methane on the conversion of CF3CH2F 
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Fig. 2: Rate of conversion of CF3CH2F and CH4 as a function of input energy 
density (feed conditions: 1.25 % CF3CH2F and 1.25 % CH4 in argon at 100 cm3 
min-1). 
 
The rate of conversion of CF3CH2F in presence of methane is presented in Fig. 2. The 
rate of conversion of CF3CH2F without any additive is also presented in this figure for 
comparison (data published earlier in [24]). The effect of the addition of methane is 
evident in the figure where data were obtained from 0 % methane with gradual 
increment in methane concentration. To understand the effect of CH4 on the conversion 
of CF3CH2F, the investigation was conducted for 0.75 %, 1.25 % and 1.75 % CH4 in the 
feed. In the present study, we have found that the conversion of CF3CH2F drops with 
increasing concentration of methane in the feed stream. With the addition of 0.75 % 
CH4 in the feed, the conversion of CF3CH2F decreases from 74.5 % to 53.6 %. The 
reduction continues to 46.8 % and 40.0 % as the addition of methane increases to 1.25 % 
and 1.75 %. 
 
Input power at 12 kJ L-1 for a feed rate of 100 cm3 min-1 and reactant concentrations of 
1.25 % HFC-134a and 1.25 % CH4 is 20 W. This is relatively low power compared to 
investigations carried out by other authors such as that of Kogelschatz et. al. [29]. These 
authors demonstrated the reaction of CH4 and CO2 at 30 kHz in a power range of 0.1 
kW to 0.5 kW where the instrument is capable to provide up to 1 kW. Therefore, it is 
possible to scale up the laboratory setup employed in the present investigation. 
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Energy consumption in this study may be higher compared to non-plasma thermal 
processes. However, the capital gain from carbon credits via the conversion of 
greenhouse gas HFC-134a and the price of the synthesised fluoropolymers are expected 
to offset the cost of additional energy consumption. 
 
Measuring the temperature of the reacting gases is very challenging in the present 
system, as the reaction of CF3CH2F and methane produces highly corrosive hydrogen 
fluoride gas which can potentially destroy any sensor. The temperature of the outer 
electrode was measured adopting the procedure described in the experimental section. 
While the temperature of the outer electrode is expected to be different from the 
temperature of the reacting bulk gas, the temperature of the outer electrode can be 
considered as a proxy for the temperature of the reacting gases in the plasma zone. The 
temperature range of the outer electrode for the feed condition of 1.25 % CF3CH2F and 
1.25 % CH4 (in argon at 100 cm3 min-1) is from 30 to 95 °C over the input energy 
density range of 2–8 kJ L-1. This is similar to the temperature of the outer electrode 
range measured in absence of methane which is 35 to 100 °C (published in [24]). As the 
temperature profiles of the outer electrodes (in presence and in absence of methane) are 
similar, it is expected that the temperature profiles of the reacting gases in the plasma 
zone are also similar. Therefore, the effect of temperature on the conversion level of 
CF3CH2F is negligible in comparison with the effect of CH4 addition. 
 
Table 1 details the conversion of CF3CH2F and CH4 at varying input concentration in 
the feed at a fixed input energy density. As can be seen from  thisdata, increasing the 
concentration of reactants leads to a net decrease in the conversions of both reactants. 
As the input energy plays a critical role in activating both reactants and the increment of 
concentration of reactants increases the number of reactive species per unit time in 
plasma zone, the conversion of reactants becomes dependent on the input concentration. 
Similarly, the addition of CH4 in the conversion of CF3CH2F increases the number of 
reactive species per unit time in plasma zone compared to reaction where methane is 
absent. As a consequence, the conversion of CF3CH2F drops with the addition of CH4 as 
is evident in Fig. 2. 
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Table 1: Conversion of reactants at an input energy density of 6 kJ L-1 with the 
variation of the reactants’ concentrations 
 
Conditions 
Rate of 
conversion of 
CF3CH2F 
(mmol h-1) 
Percentage 
conversion of 
CF3CH2F 
Rate of 
conversion of 
CH4 (mmol 
h-1) 
Percentage 
conversion of 
CH4 
1) 0.75 % CF3CH2F and 
0.75 % CH4 in argon at 
100 cm3 min-1 
1.35 67.2 1.73 86.1 
2) 1.25 % CF3CH2F and 
1.25 % CH4 in argon at 
100 cm3 min-1 
1.57 46.9 2.29 68.4 
3) 1.75 % CF3CH2F and 
1.75 % CH4 in argon at 
100 cm3 min-1 
1.75 37.3 2.69 57.4 
 
 
The reduced level of conversion of CF3CH2F can be compensated for by increasing the 
input energy density level, in other words, by increasing input power. As discussed 
previously, the number of reactive species per unit time in the reaction zone increases 
with the increment of concentration of reactants. As the total number of reactive species 
increases in the reaction zone, the conversion of the targeted material decreases at the 
same power input. This is not different from any other treatment system. If the input 
power is maintained the same and the quantity of reactant is increased, the net effect 
will be a reduction in the level of conversion of the targeted material. In order to 
increase the conversion of the targeted reactant, the input power must be increased. As 
discussed previously, the laboratory setup can be scaled up to a much higher power 
level in the real world which will be able to provide higher power resulting higher 
conversion of CF3CH2F. 
  
 
  
3.2. Discharge characterisation 
 
The electrical discharge of the DBD reactor at atmospheric pressure can be classified as 
filamentary or diffuse. The filamentary discharge is characterised by a large number of 
individual microdischarges (observable as narrow current impulses or filaments) while a 
diffuse discharge plasma is uniform (observable as broad current impulses and absence 
of filaments) [30]. 
 
 
 
 
 
Fig. 3: Instantaneous current and applied voltage trace at 8 kJ L-1 for the 
reaction of 1.25 % CF3CH2F and 1.25 % CH4 in argon at 100 cm3 min-1 feed rate. 
 
Fig. 3 shows the instantaneous current and applied voltage waveforms associated with a 
mixture of 1.25 % CF3CH2F and 1.25 % CH4 in an argon bath gas. The electrical 
discharge in pure argon is filamentary; an examination of pure argon discharge with the 
same frequency and the current apparatus can be found elsewhere [26]. The ionisation 
energies of CF3CH2F and CH4 are 12.64 eV [31] and 12.62 eV [32] respectively, and 
therefore, the lowest energy metastable argon atoms (11.55 eV [33]) are not of 
sufficient energy to ionise either CF3CH2F or CH4. Some molecular fragments may 
ionise because of their lower ionisation energies (e.g., CH3–9.80 eV [34], CH2–10.40 
eV [34], CH–11.10 eV [34], CF–9.20 eV [35]). As these molecular fragments are not 
primary species and are formed by single or multiple fragmentation processes or by the 
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coupling of fragmented species, their influence in the electrical discharge is deemed to 
be relatively minor compared to gas mixtures such as ammonia admixtures in argon, 
where the addition of ammonia transforms the filamentary discharge of pure argon to a 
diffuse discharge [36, 37]. Even at relatively low concentrations, the presence of 
CF3CH2F and CH4 in the argon bath gas alters the electrical discharge characteristics, as 
these compounds preferentially ionise compared with argon (both of the reactants have 
similar ionisation energies which are much lower than the ionisation energy of argon of 
15.76 eV [38]). The discharge does not develop into a fully filamentary regime as 
streamer formation is obstructed by the sparse population of reactants and the low 
concentration of fragmented species. As such, the discharge can be characterised as a 
slight shift from filamentary to diffuse discharge for the given admixture. 
 
Diffuse discharge (or homogeneous discharge) in a dielectric barrier discharge at 
atmospheric pressure may be classified as Atmospheric Pressure Townsend Discharge 
(APTD) and Atmospheric Pressure Glow Discharge (APGD) [36, 39]. The current 
density in APTD is lower than that of APGD [36, 40]. Therefore, the overall transition 
of discharge can be described as from filamentary to homogeneous (or diffuse) glow 
discharge. 
 
Filamentary discharge is scattered while the diffuse discharge is uniform and the 
uniformity of the diffuse discharge results in higher level of activation of reactants 
compared to their activation in a scattered filamentary discharge [41]. Therefore, the 
transition of filamentary to homogeneous glow discharge in the present study enhances 
the activation of CF3CH2F and CH4 in plasma and results in a higher level of conversion. 
The ionisation potential of CF3CH2F and CH4 are similar and as such no noticeable 
difference in electrical discharge was observed with the addition of CH4 with CF3CH2F 
in argon bath gas compared to the electrical discharge of CF3CH2F in argon bath gas. 
 
3.3. Product distribution and mass balance 
 
The addition of CH4 influences the product distribution in comparison to the conversion 
of CF3CH2F in argon bath gas. The absence of oxygen and nitrogen obviates the 
formation of some undesirable compounds such as HCN and COF2. The gas phase 
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products detected include H2, HF, CH3F, CHF3, CH2F2, C2H3F, CHF2CHF2, C2H4F2 and 
C3H7F. In addition to gas phase products, polymeric solid products were also obtained. 
The abundance of hydrogen in owing to the presence of CH4 in the feed enhances the 
formation of HF. Addition of CH4 also leads to the formation of hydrocarbons such as 
C2H2, C2H4, C2H6 and C3H8.  
 
 
Table 2: Effect of methane on gas phase products at an input energy density of 8 kJ L-1 
(feed conditions: 1.25 % CF3CH2F in argon at 100 cm3 min-1 and 1.25 % CH4 if added) 
 
Species 
Rate of formation, when no 
methane was added    
(µmol h-1) 
Rate of formation, when 
methane was added 
(µmol h-1) 
C2H6 Very low or not detected 45 
C2H2 and C2H4 Very low or not detected 40 
C3H8 Very low or not detected 12 
HF 1500 2640 
 
 
Table 2 presents a comparison of the rate of formation of some gas phase products, for 
which noticeable differences were observed on addition of CH4 to CF3CH2F. As can be 
seen from this table, the rate of formation of HF increases following the addition of CH4 
when compared to the reaction of CF3CH2F in the absence of CH4 at the same input 
energy density. The presence of CH4 also affects polymer architecture as radicals such 
as CH, CH2 and CH3 are formed from the fragmentation of CH4. Therefore, the 
presence of CH, CH2 and CH3 groups are more apparent compared to the polymer that 
forms from the reaction of CF3CH2F in absence of CH4 [42]. Their presence was 
observed in NMR spectra and a discussion is presented in the following section. 
 
A detailed mass balance (overall) is presented in Table 3. Elemental analyses of the 
polymer disclosed a composition containing C–54.2 %, H–5.33 % and F–39.6 %. 
Elemental mass balances have been presented in Supporting Information. 
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Table 3: Overall mass balance of CF3CH2F – CH4 experiment conducted at 8 kJ L-1 for 90 
min (feed conditions -1.25 % CF3CH2F and 1.25 % CH4 in argon at 100 cm3 min-1) 
 
Feed stream  Product stream Total 
mass in 
mg 
Total mass 
out 
mg 
Mass 
balance 
% 
Species 
Mass 
      mg 
 
 
Species 
Mass 
    mg 
CH4 78.7  CH4 18.8 586 559 95.4 
CF3CH2F 507  CF3CH2F 241    
   CHF3 7.38    
   CH2F2 7.25    
   C2H6 2.08    
   C2H3F 2.52    
   CHF2CHF2 1.04    
   C2H4F2  1.17    
   C3H7F 0.39    
   C3H8 0.82    
   H2 3.35    
   HF 92.9    
   Other gas products 23.9    
   Polymers 156    
 
 
3.4. Reaction mechanism 
 
The reactants, CF3CH2F and CH4, are activated in the dielectric barrier discharge non-
equilibrium plasma reactor. A detailed discussion, assisted by quantum chemical 
computations, is presented below including the reaction pathways of CH4 when added 
with the reaction of CF3CH2F in a non-equilibrium plasma and describing the formation 
of various gas phase species observed in the current investigation. 
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Both methane and CF3CH2F have similar ionisation potentials so that CH4+ and 
CF3CH2F+ are expected to be produced initially. Kinetic plasma electrons are expected 
to play primary role in ionising CF3CH2F and CH4 as described by the following 
reaction: 
 
e- + CF3CH2F →  CF3CH2F+ + 2 e-    (R01) 
e- + CH4 →  CH4+ + 2 e-     (R02) 
 
Understanding the fate of the initial ions produced in the plasma is important in 
understanding the subsequent gas phase reactions and propagation of the polymerisation 
reactions.  CH4+ would be expected to undergo electron-ion dissociative recombination 
reactions. According to the study carried by Thomas et. al. [43], these dissociative 
recombination reactions produce CH3, CH2, CH and H as described below in R03-R06. 
The produced radicals would be expected to play an important role in propagation and 
recombination reactions. 
e- + CH4+ →  CH3 + H     (R03) 
e- + CH4+ →  CH2 + 2H     (R04) 
e- + CH4+ →  CH2 + H2     (R05) 
e- + CH4+ →  CH + H2+ H      (R06) 
 
CF3CH2F+, produced by R01, has a weak C-C bond and should readily dissociate.  The 
observed gas phase products suggest that the ion resides on the dissociated CF3 moiety, 
rather than on CH2F. A detailed quantum chemical study was carried out to understand 
the fate of CF3CH2F+ ion. The discussion on the outcome of quantum chemical study is 
presented in the Supplementary Materials. Briefly, the quantum chemical study at the 
B3LYP/6-31G (2df,p) level of theory reveals that the C-C bond-length of the neutral 
CF3CH2F is 1.522 Å while the C-C bond-length of the CF3CH2F+ ion becomes 2.051 Å. 
According to this result, the C-C bond of CF3CH2F+ ion is not a chemical bond. In this 
ion, two radicals are sharing a +1e charge and adhered by electrostatic forces. 
 
The dissociating CF3CH2F+ ion has been investigated employing ωB97XD/6-
31G(2df,p), ωB97XD/6-311+G(2df,p), B2PLYPD3/6-31G(2df,p) and CAM-B3LYP/6-
31G(2df,p) level of theory for increasing C-C bondlengths from equilibrium at 2.0 Å 
out to approximately 3.8 Å at which distance the structure can be characterised as an ion 
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and a dipole. All methodologies predict that at equilibrium in CF3CH2F+, the positive 
charge is shared between the CF3 and CH2F moieties with the former bearing a 
somewhat larger fractional positive charge. Therefore, it can be concluded that 
CF3CH2F+ ions decompose into CF3+ + CH2F. 
 
Hence, we would expect CF3+ to undergo electron-ion dissociative recombination 
reaction. According to the study carried by Ehlerding et. al. [44], these dissociative 
recombination reaction mainly produce CF2 + F as described in R07. These radicals 
(CF2 and F), together with CH2F, CH3, CH2, CH and H, should be the principal initial 
radicals which drive gas phase and polymer propagation reactions. Using this postulate, 
we can make a prediction of the major gas phase reactions. 
 
e- + CF3+ →  CF2 + F      (R07) 
 
The highly reactive radicals, F and H will take part in abstraction reactions, principally 
with CH4. 
  F + CH4 →  CH3 + HF     (R08) 
H + CH4 →  CH3 + H2     (R09) 
F + H2 →  H + HF      (R10) 
 
There will be a termination reaction between these two radicals 
  H + F + (M) → HF + (M)     (R11) 
 
where M implies a third-body molecule. 
 
 
and also, 
CH3 + F + (M) →  CH3F + (M)    (R12) 
 
Certainly, HF and H2 are major observed products, although CH3F is observed only in 
trace amounts. The carbene CF2 has a propensity to undergo addition reactions and is 
likely to be the mechanism for formation of the observed product CHF3. 
CF2 + HF + (M) →  CHF3 + (M)    (R13) 
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Radical CH2F can undergo self-recombination 
CH2F + CH2F + (M) →  CH2FCH2F + (M)   (R14) 
 
and difluoroethane is an observed product as is difluoromethane which probably arises 
via 
CH2F + F + (M) →  CH2F2 + (M)    (R15) 
 
Several products arising from methane have been observed, formed by well understood 
mechanisms.  These include ethane, arising from recombination of two methyl radicals, 
CH3 + CH3 + (M) →  C2H6 + (M)    (R16) 
 
ethylene, formed from the ethyl radical produced by radical attack on ethane 
H + C2H6 →  C2H5 + H2     (R17) 
F + C2H6 →  C2H5 + HF     (R18) 
C2H5 →  C2H4 + H      (R19) 
 
and acetylene arising via the vinyl (C2H3) radical intermediate 
H + C2H4 →  C2H3 + H2     (R20) 
F + C2H4 →  C2H3 + HF     (R21) 
C2H3 →  C2H2 + H      (R22) 
 
Propane is also observed, presumably from recombination of ethyl and methyl radicals: 
C2H5 + CH3 + (M) →  C3H8 + (M)    (R23) 
 
C3H7F probably arises from recombination between major radicals C2H5 and CH2F: 
C2H5 + CH2F + (M) →  C3H7F + (M)   (R24) 
 
Vinyl fluoride could be produced by addition of F atom to ethylene and subsequent 
fission of H from the so-formed fluoroethyl radical: 
F + CH2=CH2 →  CH2CH2F     (R25) 
CH2CH2F →  CH2=CHF + H     (R26) 
 
1,1,2,2-Tetrafluorethane (CHF2CHF2) is observed in the products. This substance may 
be formed via radical attack on the two major fluorinated products, CHF3 and/or CH2F2.  
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H atom abstraction from trifluoromethane and/or F atom abstraction from 
difluoromethane can produce significant quantities of the CHF2 radical: 
H + CHF3 →  HF + CHF2     (R27) 
F + CH2F2 →  HF + CHF2     (R28) 
 
followed by 
CHF2 + CHF2 + (M) →  CHF2CHF2 + (M)   (R29) 
 
The reaction pathways leading to the formation of radicals and gas phase products are 
presented in Fig. 4.  
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Fig. 4: Diagrammatic presentation of reaction pathways. 
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The radicals, generated in gas phase reactions, then participate in polymerisation. The 
detail polymerisation reaction has been presented in our earlier publication [28, 45]. 
With the aim of avoiding repetition, the polymerisation mechanism is not discussed here. 
However, few radicals such as CF3 and CHF are present in the structure of the polymers 
and their formation mechanism was not presented in the earlier paragraphs. We are 
presenting their synthesis mechanism below. 
 
CF3 may produce from the dissociation of carbon-carbon bond of CF3CH2F by kinetic 
plasma electrons. 
e- + CF3CH2F →  CF3 + CH2F + e-    (R30) 
 
CH radicals can combine with the abundant source of F atoms and produce CHF. 
CH + F →  CHF 
 
    (R31) 
 
3.5. Polymer architecture 
 
The addition of CH4 to the reaction feed of CF3CH2F in argon bath gas and in a non-
equilibrium plasma modifies the polymer architecture. The polymeric material 
synthesised from the reaction of CF3CH2F and CH4 in argon bath gas is soluble in 
tetrahydrofuran and chloroform solvents indicating that the material is non-crosslinked. 
A small portion (~8 % at 8 kJ L-1) of polymer was insoluble and this portion is 
designated as crosslinked polymer. In absence of CH4, the polymers synthesised  using 
an input energy density range of 2–12 kJ L-1 were found to be readily soluble in both 
tetrahydrofuran and chloroform solvents, indicating no noticeable crosslinked polymer 
was formed within the investigated input energy density range, as reported in [24, 28]. 
The characterisation of crosslinked polymer, synthesised in presence of CH4, is 
described in the Supporting Information. This section describes characterisation and 
comparison of non-crosslinked polymers synthesised from CF3CH2F in presence and in 
absence of CH4. 
 
Based on gel permeation chromatographic analysis, there are two distinct, identifiable 
portions constituting the low molecular weight non-crosslinked polymer products. The 
number average molecular weights (Mn) of these fractions are 4,200 g mol-1 and 850 g 
  
 23
mol-1 with the polydispersity indexes (PDI) of 1.6 and 1.3 respectively. Apart from 
these fractions, there is also a relatively high molecular weight non-crosslinked polymer 
fraction. The Mn value of this fraction is 56,000 g mol-1 with a PDI value of 1.1. In 
absence of CH4, the synthesised polymers were found to be of two low molecular 
weight fractions (3000 g mol-1 and 900 g mol-1 with PDI values of 1.2 and 1.1 
respectively) and one high molecular weight fraction (60,000 g mol-1 with a of 1.2). The 
addition of CH4 on the reaction of CF3CH2F therefore does not affect the number of 
fractions of synthesised non-crosslinked polymer. 
 
As these polymers are non-crosslinked, they can also be analysed by solution state 
NMR experiments. 13C and 19F NMR experiments have been conducted (in solution) to 
identify the functional groups present in the polymers. These analyses have been 
assisted by using the NMR pulse techniques – DEPT 135 (Distortionless 
Enhancement by Polarisation Transfer at 135° angle) and DEPTQ 135 (Distortionless 
Enhancement by Polarisation Transfer at 135° angle, including the detection of 
quaternary nuclei) [46]. DEPT 135 spectrum is used to distinguish CH and CH3 peaks 
from CH2 peaks while DEPTQ 135 spectrum is used to distinguish CH and CH3 peaks 
from CH2 and quaternary carbon peaks (groups that do not have any hydrogen; e.g., CF2, 
CF3 etc.). The broad peaks in the NMR spectra arise from the high molecular weight 
fractions while the sharp peaks are from the low molecular weight fractions. The 
analyses and discussion presented subsequently focuses on the high molecular weight 
product fraction. In the following sections, non-crosslinked polymers, synthesised from 
the conversion of CF3CH2F in presence and in absence of CH4, have been characterised 
and then compared. The spectral assignments, presented in polymer characterisation, 
have been conducted with the help of published references [47, 48]. 
 
Characterisation of polymers synthesised from the conversion of CF3CH2F in 
presence of CH4 
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Fig. 5: 13C NMR spectrum for the non-crosslinked polymeric mixture 
synthesised at 8 kJ L-1 from the non-equilibrium plasma reactions of CF3CH2F 
in presence (A) and in absence (B) of CH4. 
 
According to the 13C spectrum (Fig. 5A), CH3, CH2, CH, CH2F, CHF, CHF2 groups are 
present in the polymer chain and their signals are evident at chemical shifts of 12, 29, 
45, 80, 89 and 112 ppm. There is also a peak at 125 ppm in 13C spectrum, and this peak 
is a cumulative absorbance of CF2, CF3 and CH groups. This peak is resolved in the 
DEPTQ 135 spectrum (Fig. 6) which shows a split of this peak into two; one at a 
chemical shift of 130 ppm representing a CH group and another at a chemical shift of 
120 ppm representing quaternary carbon groups. 
 
 
  
 
Fig. 6: DEPTQ 135 NMR spectrum for the non-crosslinked polymeric mixture 
synthesised at 8 kJ L-1 from the non-equilibrium plasma reactions between 
CF3CH2F and CH4 (QC: quaternary carbon). 
 
 
 
 
Fig. 7: DEPT 135 NMR spectrum for the non-crosslinked polymeric mixture 
synthesised at 8 kJ L-1 from the non-equilibrium plasma reactions between 
CF3CH2F and CH4. 
 
The CH peak at a chemical shift of 130 ppm in the DEPTQ 135 or DEPT 135 can be 
attributed to CH groups of -CH=CH-. The quaternary carbon groups at a chemical shift 
of 120 ppm are a result of unresolved absorbances from CF2 and CF3 groups in the 
polymer. The absence of absorbance peaks at a chemical shift of 120 ppm in the DEPT 
135 spectrum (Fig. 7) is consistent with the quaternary nature of these carbon groups. 
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Fig. 8: 19F NMR spectrum for the non-crosslinked polymeric mixture 
synthesised at 8 kJ L-1 from the non-equilibrium plasma reactions of CF3CH2F 
in presence (A) and in absence (B) of CH4. 
 
19F spectrum shows three broad peaks (Fig. 8A). CF3, CF2 and CF absorbances can be 
found in the chemical shift regions of ~40 to ~80, ~90 to ~140 and ~150 to ~210 ppm 
respectively. CF3 can be present in the polymeric chain as end or branch groups. CF2 
groups can be present in main chain or in the form of CHF2, as a branch or end groups. 
CF peak in the 19F spectrum is present as CHF in the backbone of polymer chain and 
CH2F as a branch or end group. 
 
According to these spectral assignments, the non-crosslinked polymers, synthesised 
from the conversion of CF3CH2F and CH4, are random in nature where CH2, CHF, CF2 
and CH=CH groups can be present in the backbone of the polymer chain. The CH peak 
at a chemical shift of 45 ppm in the 13C spectrum is also present in the main polymer 
chain with CH3, CH2F, CHF2 and CF3 groups as branches. The low molecular weight 
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fraction polymers may also have all or some of the groups identified for high molecular 
weight fraction polymer; they are also random copolymers with relatively short chain 
length. 
 
Characterisation of polymers synthesised from the conversion of CF3CH2F in 
absence of CH4 
 
The analyses of polymeric material synthesised from the reaction of CF3CH2F in the 
absence of CH4 in argon bath gas can be found in a different article [28]. Briefly, the 
polymers, synthesised in absence of CH4 for the investigated input energy density range 
of 2 – 12 kJ L-1, were found to be predominantly non-crosslinked, where the polymeric 
chains contain less types of functional groups. The NMR spectra of polymers, 
synthesised from the conversion of CF3CH2F in the absence of CH4 in argon bath gas at 
8 kJ L-1, are presented in Figures 5B and 8B (published earlier in [28]). 
 
According to the 19F spectrum, presented in Fig. 6B, non-crosslinked polymers, 
synthesised in absence of CH4, exhibit CF3, CF2 and CF signals. The CF2 peak appears 
due to CF2 or CHF2 groups while the CF peak in the 19F spectrum represents the CHF 
group. The 13C chemical shifts (Fig. 5B) at 30, 45, 85 and 111 ppm of polymers 
synthesised in absence of CH4 represent CH2, CH, CHF and CHF2 groups. The peak at 
120 ppm (Fig. 3B) shows a combined signal of CF2 and CF3. In short, the polymer is a 
random copolymer where CH2, CH, CHF and CF2 are present in the main chain while 
CF3 and CHF2 are present as end groups or as branches (from CH peak).  
 
Comparison of non-crosslinked polymers synthesised from the conversion of 
CF3CH2F with and without CH4 
 
When CH4 is added in the conversion of CF3CH2F, a small portion of polymers 
becomes crosslinked at the input energy density of 8 kJ L-1. In contrast, no noticeable 
crosslinked polymer was observed from the conversion CF3CH2F of in the absence of 
CH4 at 8 kJ L-1. Moreover, on the addition of CH4 the non-crosslinked polymer is 
modified and additional CH3, CH2F and CH=CH groups are present in the polymeric 
chain as is evident in the 13C NMR spectrum (Fig. 5A). The signals for CH2 and CH at 
30 and 45 ppm become stronger when CH4 is added. These findings indicate clearly the 
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influence of the addition of CH4 in the polymer architecture where CH2 and CH groups 
are more frequently present in the random copolymer synthesised from CF3CH2F in 
presence of CH4. 
 
As found in this investigation, the addition of methane in the reaction system results in 
the inclusion of CH3 groups and increases the incidence of CH2 groups in the polymers. 
One important implication of the addition of CH3 groups and increment in the number 
of CH2 groups is the synthesised polymer becomes less fluorinated. Therefore, the range 
of potential applications of the synthesised polymer from the reaction of HFC-134a and 
methane are expected to be different (and potentially more varied) compared to the 
polymers synthesised form HFC-134a in absence of methane. If we compare between 
PTFE and PVDF, where PVDF is less fluorinated than PTFE, these two polymers have 
different applications, particularly in relation to applications in the coating industries. 
PTFE coatings provide non-stick, release and inert properties which suits with the 
requirements of food processing while PVDF coatings offers ultraviolet and ozone 
resistance, weather resistance and durability characteristics and are convenient for 
building and construction industry [49].  Therefore, the polymers synthesised from 
HFC-134a potentially offer diverse applications when synthesised in presence and in 
absence of methane. 
 
4. Conclusion 
 
The effect of the addition of CH4 on the conversion of CF3CH2F and the reaction 
products thus formed has been examined in a dielectric barrier discharge non-
equilibrium plasma reactor. The addition of CH4 increases the concentration of reactants 
in the plasma zone and the input energy distributes to convert both reactants at a certain 
input energy density. Therefore, the net conversion level of CF3CH2F decreases upon 
the addition of CH4 in the plasma reactor feed. 
 
A reaction mechanism is proposed, which presents the reaction steps on the addition of 
CH4 with CF3CH2F and includes quantum chemical calculations. A number of gaseous 
products including C2H2, C2H4, C2H6 and C3H8 are formed if CH4 is added. The 
presence of CH4 in the reaction environment modifies the polymer architecture of non-
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crosslinked polymers (which is random in nature) including additional functional 
groups and enhances crosslinking. The obtained polymers are less fluorinated compared 
to the polymers synthesised from HFC-134a in absence of methane. Therefore, the 
synthesised polymers are expected to be used in different field of fluoropolymer 
applications. 
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